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PHYSICS

Quantum sensing of acceleration and rotation by
interfering magnetically launched atoms

Clément Salducci'*, Yannick Bidel'*, Malo Cadoret’, Sarah Darmon’, Nassim Zahzam',
Alexis Bonnin', Sylvain Schwartz', Cédric Blanchard', Alexandre Bresson'

Accurate and stable measurement of inertial quantities is essential in geophysics, geodesy, fundamental physics,
and inertial navigation. Here, we present an architecture for a compact cold-atom accelerometer-gyroscope based
on a magnetically launched atom interferometer. Characterizing the launching technique, we demonstrate
700-parts per million gyroscope scale factor stability over 1 day, while acceleration and rotation rate bias stabili-
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ties of 7 x 107 meters per second squared and 4 x 10~ radians per second are reached after 2 days of integration
of the cold-atom sensor. Hybridizing it with a classical accelerometer and gyroscope, we correct their drift and bias
to achieve respective 100-fold and 3-fold increase on the stability of the hybridized sensor compared to the clas-
sical ones. Compared to a state-of-the-art atomic gyroscope, the simplicity and scalability of our launching tech-
nique make this architecture easily extendable to a compact full six-axis inertial measurement unit, providing a
pathway toward autonomous positioning and orientation using cold-atom sensors.

INTRODUCTION

Light-pulse atom interferometry is based on the coherent manipula-
tion of matter waves where atoms inside a vacuum chamber serve as a
perfect proof mass in free fall, delivering absolute and stable inertial
measurements. Over the past decades, these systems have demon-
strated in laboratory environment exceptionally accurate and sensitive
measurements of importance in fundamental physics, such as mea-
surements of gravity (I, 2), rotation rates (3, 4), fundamental constants
(5-7), tests of general relativity (8), and search for new forces (9, 10).
On a separate front, strong efforts of ruggedization and miniaturiza-
tion have been made to operate these systems outside of the laboratory
(11), where rough environmental conditions have to be balanced de-
spite the inherent reduced sampling rate and dynamic range of atomic
inertial sensors compared to classical ones. Up to now, for field appli-
cations, only vertical atom accelerometers have been demonstrated,
either in static conditions on ground (12-15) or in shipborne (16-18)
and airborne (19-21) environments using hybridization techniques
(22) consisting in fusioning the cold-atom accelerometer output with
the one of a high-bandwidth classical accelerometer, thus allowing to
provide a continuous bias-free acceleration measurement.

Current classical inertial measurement units comprise three ac-
celerometers and gyroscopes that deliver greatly resolved but biased
measurements that accumulate over time, leading to uncertainties
on the position and the attitude of the carrier that comes mostly
from the gyroscopes’ limited performances (23). Atomic inertial sen-
sors’ inherent stability makes it a promising technology that could
tackle these issues, benefiting to many Global Navigation Satellite
System (GNSS)-denied applications such as inertial navigation (23)
and tunnel drilling (24), as well as satellite orientation for space grav-
ity missions (25) or geophysics through vector gravimetry mapping
(26). Its development is, however, still hindered by substantial phys-
ics and engineering challenges as very few atom gyroscopes have
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been demonstrated so far and mostly in large meter-scale apparatus
(27-31) which are not compatible with field applications. Building a
cold-atom gyroscope requires to open a physical area in the interfer-
ometer, making its implementation in multiaxis atom interferome-
ters more complicated (32-35). So far, the only demonstrated atom
interferometry setup with six-axis sensing consisted in a bulky
laboratory-based experiment operating in static conditions and us-
ing two parabolically launched atom clouds and a complex combina-
tion of separate interferometry setups (36).

In this work, we report on a novel atom launching technique
studied within the framework of a dual cold-atom accelerometer-
gyroscope based on light-pulse atom interferometry. Harnessing the
Stern-Gerlach effect, the cold-atom cloud is launched horizontally at
a velocity of 8.2 cm/s with a magnetic field gradient pulse generated
by two coils in anti-Helmholtz. The launch velocity is characterized
precisely using Raman spectroscopy, achieving a stability of the
atomic gyroscope’s scale factor of 700 ppm. In addition, we demon-
strate a quantum cold-atom accelerometer-gyroscope hybridized
with both a classical accelerometer and a gyroscope. While until
now hybridization between quantum and classical sensors addressed
only accelerometers, although in multiaxis configuration (37), we
demonstrate the correction of both the drift and bias of a force-
balanced accelerometer and a Coriolis vibrating gyroscope at the
same time, thus improving the long-term stability of both sensors.
The hybrid sensor offers high-bandwidth measurements of accelera-
tion and rotation rate with a short-term sensitivity of 1.2 x 10~° m/s>
per \/Hz and 1.8 X 107 rad/s per \/E provided by the classical
sensors and a stability over 2 days of 7 x10~” m/s” and 4 x10™” rad/s
provided by the atom sensor, which corresponds to an improvement
of respectively 100-fold and 3-fold compared to the classical sensors
alone. Angular velocity measurements up to 100-times Earth’s rota-
tion are also reported. This atom launching technique is compatible
with a compact design and could easily be scaled up to a six-axis
sensor, paving the way toward the development of a compact fully
hybridized cold-atom inertial measurement unit where ultimately
the atom interferometers would correct the classical ones and de-
liver a continuous drift-free measurement of both accelerations
and rotations.
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RESULTS

Experimental setup

Operating principle of the cold-atom accelerometer-gyroscope
The cold-atom accelerometer-gyroscope is based on a Mach-Zehnder
light-pulse atom interferometer (38). The core of the experimental
setup has been described in detail in (39) and is illustrated in Fig.
1A. In short, a cold ¥Rb atom cloud is formed with a standard MOT
(magneto-optical trap) configuration consisting of three mutually or-
thogonal pairs of counterpropagating laser beams intersecting at the
center of a quadrupole magnetic field created by a pair of vertically
aligned anti-Helmholtz coils. Compared to (39), an additional pair
of magnetic coils aligned horizontally has been implemented to the
setup, allowing to shift the atom cloud position and to launch the
atoms (see Materials and Methods). At the end of the atoms loading
in the MOT, the atom cloud position is shifted horizontally by 7 mm.
Then, after switching-oft the MOT magnetic fields, the atoms are
further cooled down to ~2 pK using polarization gradient cooling.
The cooling light is gradually turned off, and the atoms are released
to fall freely under gravity. The atom cloud is then launched along the
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opposite direction compared to the MOT’s position shift (see Fig. 1B).
A horizontal magnetic-field gradient pulse of 20 ms is applied to hor-
izontally launch the atoms in the state |F = 2, mp = 1) at a velocity
1= 8.2 cms~! to match the width of the Raman beam. It is followed by
a state selection that allows to prepare the atoms in the interferome-
ter’s initial magnetic insensitive state |F = 1, mp = 0). The state selec-
tion is delayed by 25 ms to prevent Eddy currents due to the
magnetic gradient to disturb the atom interferometer. While the at-
oms are free-falling, a combination of three laser pulses separated by
T = 40 ms is applied to perform atom interferometry in a Mach-
Zehnder configuration (1/2-n-n/2) as depicted in Fig. 1B. The beam
splitter (7/2) and mirror (n) pulses of the interferometer use coun-
terpropagating two-photon stimulated Raman transitions between
the |[F= 1, mp=0) and |F = 2, mg = 0) clock states of the rubidium
atom. Fluorescence detection is then used to compute the propor-
tion of atoms in the F = 2 state at the output of the interferometer,
P, = Py, — (C/2) cos (AD), where Py, is the mean value, C the con-
trast, and A® the interferometer phase difference accumulated be-
tween the two paths.
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Fig. 1. Principle of the experiment. (A) Overview of the experimental apparatus where the atoms are laser cooled at the center of the 3D-cross and then accelerated
thanks to the launching coils. The vertical Raman laser is used to perform the atom interferometer using two-photon counterpropagating transitions by being retrore-
flected on a mirror that is set onto a passive vibration isolation platform. A classical accelerometer (Titan Nanometrics) attached to the mirror and a gyroscope (GI-CVG-
U2200A Innalabs) are placed on the vibration isolation platform to record the accelerations and rotations experienced by the mirror which defines the inertial frame for
the atoms. A pair of loudspeakers can be connected to the platform to perform dynamic rotation rate measurements along either uy or uy, the measurement axis of the
classical gyroscope. Free-falling atoms that have performed the interferometry are detected 10 cm bellow the MOT region. (B) Mach-Zehnder interferometer diagram in
the (ke“, v,) plane (not to scale) exhibiting its two arms that enclose the physical area A (magenta), where the blue and red lines respectively account for the F =1 and
F = 2 states. The interferometer is sensitive to the vertical acceleration and to rotations orthogonal to the effective wave vector of the Raman beams and the launching
direction. (C) Atom interferometer’s midpoint trajectory (not to scale) drawn for the negative (left) and positive (right) launch velocities. To switch from one to the other,
the sign of the current is switched in both coils and the detection beam (blue) is transversally shifted.
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From this measurement, the interferometer phase shift A® and
thereby the acceleration a and rotation rate Q of the atoms relative to
the Raman retroreflecting mirror (defined as the reference frame)
can be determined. For atoms entering the interferometer with an
initial velocity v;, the phase shift of the atom interferometer is (40)

AD = [k (a—2QXV —QXr—QxQxr)—o|T> (1)

where kg is the vertical effective wave vector of the two-photon
counterpropagating Raman transition pointing orthogonally to the
retroreflecting mirror, and a is the frequency chirp rate of the Ra-
man lasers. This chirp rate adds a phase shift aT” to the interferom-
eter that, when properly tuned, exactly compensates for the phase
shifts induced by the acceleration and rotation rate in average over
the velocity distribution, enabling to measure the inertial quantities.
The terms 2Q X v;, @ X r, and Q X Q x r in Eq. 1 respectively repre-
sents the Coriolis, Euler, and centrifugal accelerations experienced
by the retroreflecting mirror, where r is the position of the atoms
with respect to the mirror and Q is the angular acceleration.
Alternating the sign of the launch velocity +v, allows to discrim-
inate between the rotation and acceleration phase shifts (see Eq. 1).
This is experimentally achieved by reversing the sign of the current
in the pair of horizontal coils, which inverts both the direction of the
MOT'’s displacement and the atom launch, while shifting horizon-
tally the detection beam (see Fig. 1C and Materials and Methods).
The +v; and —v; atom interferometers are set to be symmetric from
one to each other and to be centered on the Raman beam allowing
to cancel most of the systematic effects. In addition, the k-reversal
technique is applied for each interferometer to remove other sys-
tematic effects independent of the direction of the effective wave
vector (41).
Launch velocity analysis
The sensitivity of the atom interferometer to rotation rates scales
linearly with the velocity of the atoms at its input v;. A pair of quasi
anti-Helmholtz magnetic coils are wrapped directly onto the vacuum
chamber allowing to create a magnetic field gradient VB pointing

Av

=2 (P

Proportion of atoms in F:

~100 0 100
Raman frequency difference (kHz)

-300 -200 200 300

horizontally along the east-west axis. After polarization gradient
cooling, the atoms are equally distributed among the five magnetic
Zeeman sublevels mp = {—2,—1,0,41,42} of the |F = 2) hyperfine
ground state. We harness the Stern-Gerlach effect to launch the at-
oms horizontally, resulting in a Zeeman state dependent mag-
netic force F,

F, = ppmpgr VB 2)

where pg is the Bohr magneton, and g is the Landé factor of the
rubidium ground state. The atom cloud is therefore spatially divided
in five parts that travel with different horizontal velocities. Follow-
ing the launch, a state-selective microwave pulse allows to transfer
the launched atoms from the internal state |F = 2, mp=+1) to |F =
1, mg = 0), while the atoms remaining in the F = 2 state are cleared
away with a push beam such that they do not enter the atom inter-
ferometer. In addition, because this microwave transition is degen-
erated with the transition |[F =2, mp=0) — |F =1, mp=+1), all the
nonlaunched atoms are not cleared by the push beam. However,
they fall far from the detection zone, making their impact on the
phase shift measurement negligible (see Materials and Methods).
The launch velocity is measured by Raman spectroscopy using
the horizontal Raman laser beams (see Fig. 1A). The resonance con-
dition of the two-photon Raman transition depends on the velocity
of the atoms and its alignment with the horizontal laser’s effective
wave vector via the Doppler frequency term wp = Kgy. v, (38). Ina
retroreflected configuration, two copropagating and two counter-
propagating transitions distinguished by the norm and the sign of
their effective wave vector are possible, resulting in Doppler fre-
quency terms wp of different signs and amplitudes. Accurate launch
velocity determination is made by measuring the frequency differ-
ence Av between the two counterpropagating transitions +Kk.gy,
vi = tAV/kegp. Figure 2A shows a typical velocity measurement spec-
trum as a function of the Raman frequency difference. The resonance
of each atomic transition might be shifted because of the coupling
with other nonresonant atomic states (41) inducing systematic effects

F 3x102
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,_‘
i
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6 x 10!

4x10!

Allan deviation of launch velocity (um/

3x10!

102 103 104
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Fig. 2. Measurement of the launch velocity. (A) Typical launch velocity measurement spectrum where each point is obtained after one experimental cycle (see Materials
and Methods) and plotted as a function of the Raman frequency difference subtracted from the hyperfine splitting of the 8Rb clock states. The launch velocity of the at-
oms is proportional to the frequency difference Av between the two counterpropagating transitions (side peaks) of effective wave vector +ke . Residual polarization
defaults enable to see the two others degenerated copropagating transitions (middle peak). (B) A launch velocity measurement during 1 day is displayed in the inset,
where each point (blue) is obtained from a Raman spectrum recorded in 100 s. The error bars on the individual measurements correspond to the statistical error on the
frequency difference measurement. A moving average (red) is calculated for 1000-s segments. The Allan SD of this time series measurement is plotted, exhibiting a veloc-

ity stability at a level of 60 pm/s RMS over 24 hours.
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that can lead to significant errors on the velocity measurement. The
correction from these systematic effects is detailed in the Materials
and Methods.

Figure 2B illustrates a measurement of the launch velocity stability
during 1 day corrected from the light shift effects. The Allan deviation
of the launch velocity time series exhibits a velocity stability at a level
of 60 pm/s (700 ppm) root mean square (RMS) over 24 hours. The
launch velocity stability limitation may arise both from an instability
of the magnetic field gradient due to current fluctuations in the coils
and a variation of the atom’s mean velocity at the end of the polariza-
tion gradient cooling. Previous work on atomic gyroscopes where the
atoms are launched with moving molasses (42) has reported a velocity
stability of 30 pm/s over 1.5 hours of integration due to polarization
instabilities. On the other hand, the coils are controlled in voltage,
which can lead to electric current variations of the same order if their
resistance varies with the room temperature for instance. Both limits
can be overcome by stabilizing the polarization of the cooling beams
and the electric current flowing inside the launching coils.

Stabilization of the classical sensors in static conditions

Data acquisition

We performed a continuous acquisition of the atom interferometer
over 44 hours, at a cycle rate of 2 Hz. The mid-fringe algorithm (43)
is used to compute the value of « that cancels the phase shift A® (see
Eq. 1) every two shots by measuring at each side of a fringe (see Fig.
3). The signs of both the effective wave vector +k.g and the launch
velocity +v; are alternated to reject noninertial systematic effects.
Thus, the acceleration a and rotation rate  measured by the atomic
dual-axis sensor can both be computed every 4 s (eight shots) by
combining the different values of o, ., for the two signs of the ef-
fective Raman wave vector +k,g and the launch velocity +v,

[((x+k,—v - (x—k,—v) + ((x+k,+v - 0(—k>+v)]

where Aay;, corresponds to the variation of acceleration between
the two —v; cycles and the two +v; cycles (see Materials and Meth-
ods). Compared to Eq. 1, the rotation rate is time invariant Q=0
in static conditions, and the centrifugal term (Q?) is rejected by the
+v, alternation as it does not depend on the sign of launch velocity.
Atoms are launched approximately along the east-west axis such
that the dual accelerometer-gyroscope measures the maximum of
Earth’s rotation projected onto the latitude of Palaiseau (48.7°N).
Both classical sensor outputs are also continuously acquired, but
only the average value of their output signal over one experimental
cycle is recorded to avoid an unnecessary storage of data. All these
raw data are postprocessed to achieve a hybridized dual sensor
where the bias of both classical sensors is periodically corrected
with the quantum dual accelerometer-gyroscope.
Cold-atom accelerometer-gyroscope sensitivity
Low sampling rate and noncontinuous measurements make an atom-
ic inertial sensor noise usually limited by the vibrations due to aliasing
effects (I). In our dual-axis quantum sensor, the launch velocity direc-
tion is alternated to isolate the rotation from the acceleration mea-
surement through a differential measurement. However, as the atom
interferometers are not performed simultaneously but sequentially,
the acceleration phase shift may vary between subsequent measure-
ments and thus not being canceled. Consequently, uncompensated
acceleration due to ground vibrations must be accounted for, adding
the term Aay,/2v; to the rotation rate measurement. The force-
balanced accelerometer records the vibrations during the atom inter-
ferometer, enabling to partially compensate for the extra-acceleration
term in Eq. 3 and therefore to reduce the quantum sensor’s noise, by a
factor of 5 for the data shown in this work (see Materials and Methods).
Figure 4A shows the Allan SD of the acceleration measurement
as defined in Eq. 3. For short times, it also integrates as 1/ \/; indi-
cating white noise-limited sensitivity of 3 X 10~ m/s? per \/E and
drifts after 1000 s of integration to reach a plateau of 7 x 1077 m/s’

4= 4k ¢ after 2 days of integration. The Allan SD of the rotation rate mea-
[( _ )—( _ )] (3)  surement corrected from vibrations is presented in Fig. 4B. It scales
Oy ~Ogmy) = ( Qg =0y )| Adyy, o L e s
Q= - asl/ \ﬁ indicating white noise-limited sensitivity of 1.1 X 107 rad/s
8k 8y,
Time (s)
9 3
_ Left ~ Right = left ~ Right ~ Left ~ Right  Left  Right
\\.“ ) Ay /.,r' \‘.“ ) S \\‘ ".,r' ‘\\. ','l/ \““ ,’/ ‘\\. ','l/ \““ .:'
y\ el "J y‘ ~ "J — - - R N - - —
" " —~ "
Qi —v A, —v Ok, +v Ok, +v
Mkeff T —Kesr l ﬂkeff T —kesr l
W NN v
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«-moooees . ®---ooo-e- :
S e
. .
— ‘\\ - i 4
—v] [ X . +v

Fig. 3. Schematic timeline of one acceleration and rotation rate measurement. The mid-fringe algorithm calculates a value of the atom interferometer phase shift
every second (two shots), and the sign of the effective Raman wave vector +k.g and the launch velocity +v, are respectively alternated every 1 and 2 s (2 and 4 shots) to

compute the four different phase shifts otk .y.
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Fig. 4. Correction of both classical sensors’ bias. Both acceleration (A) and rotation rate (B) temporal tracks are displayed for the classical (orange), quantum (blue) and
hybridized (green) sensors over the 44 hours of measurement. Black solid lines represent the respective value of the gravity and Earth’s rotation that should be measured
by the atom interferometer. A dual y-axis plot is shown in the inset of (A) to resolve the noise of the signals. Respective Allan deviations are plotted in (C) and (D) with the

T_VZ

indicate the limits related to the detection noise (dotted) of 3.1 x 10~ rad/s per

projection noise (QPN) (solid) of 3.5 x 10~ rad/s pery/Hz.

per \/E for short times. This value is a factor of 3 above the detec-
tion noise limit and a factor of 30 above the quantum projection
noise limit of 3.5 x 10~ rad/s per \/H_z We estimate the short-term
sensitivity of the rotation measurement to be limited by the residual
ground vibration noise that has not been eliminated in the vibration
removal process (see Materials and Methods). After 2 days of inte-
gration, it reaches a plateau of 4 X 1077 rad/s.
Bias correction of the classical sensors
Classical (i.e., nonquantum) inertial sensors are usually gifted by a lot
of qualities that suit to field applications: low volume, continuous
measurement, and high dynamic range. However, they suffer from a
lack of stability with time and the need to be calibrated. The Allan
deviations of both classical inertial sensors displayed in Fig. 4 exhibit
major drifts of the bias of both sensors respectively after 50 s for the
force-balanced accelerometer and 1000 s for the vibrating gyroscope.
The bias of both classical sensors is periodically corrected by the
atomic dual accelerometer-gyroscope. This is done by implement-
ing a feedback loop on the classical sensors’ outputs
ll}nlyb — ucr:llass + bz
b=ty Gl (= i5™) =) (4)

Salducci et al., Sci. Adv. 10, eadq4498 (2024) 30 October 2024

scaling (black-dashed) corresponding to the acceleration and rotation rate short-term sensitivities of the quantum sensor. For the rotation rate measurement (D) we
Hz, the launch velocity noise (dot-dashed) of 1.2 x 107 rad/s per

1/ Hz and the quantum

where 1, can either be the acceleration a or the rotation rate Q; class,
at, and hyb respectively indicate for the classical, atomic, and hy-
bridized outputs; and b, are the classical sensor’s biases estimated by
the nth atomic measurement. The bias b!, is computed using the last
estimation of the bias bz_l and the term (p‘:f - pf}“ss) - bz_l that can
be identified as the error signal of the feedback loop with a gain G,..
Setting these gains to match with the crossing point of the atomic-
and classical-sensor Allan deviations for each inertial quantity, the
hybrid sensor embraces the advantages of both technologies, com-
bining the highest sensitivities of the classical sensors and the stabil-
ity of the quantum one. The Allan deviations of both hybridized
signals are plotted in Fig. 4, demonstrating a respective 100-fold and
3-fold improvements on the acceleration and rotation rates stabili-
ties compared to both classical sensors operated alone.

Accuracy of the cold-atom accelerometer-gyroscope

Although the hybridization algorithm allows to project the output
value of the classical sensors onto the atomic ones, there remains a
shift between both measured and expected values. The local gravity
in the laboratory was measured using another atomic gravimeter to
be 980,883.743(9) mGal (1 mGal = 107> m/s?) at the level of the
midpoint of our atom interferometer, while we report here a value of
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980 881.397(60) mGal. This difference of about 2.3 mGal is most
likely due to a misalignment with the local verticality by a few
milliradians.

The projection of Earth’s rotation rate onto the measurement axis of
our sensor is estimated to be 4.82(1) x107° rad/s. With our cold-atom
accelerometer-gyroscope, we measure a value of 6.28(4) x10™° rad/s,
exhibiting a significant error of about 25% (1.46 x10 rad/s) com-
pared to the expected value. In our setup, we estimate that the main
systematic effect comes from wavefront distortions of the Raman beams
that are not perfectly canceled because of the slight dissymmetry be-
tween opposite launch velocity configurations. We estimate that a
dissymmetry of 1.2 mm between the two launching configurations,
combined with a default of 1.9-rad peak to valley on the optical wave-
front, compatible with the quality of optics of A/6 installed on our ap-
paratus, could be responsible of the observed error (see Materials and
Methods). This error could therefore be mitigated by optimizing the
symmetry and use optics of better qualities. Nevertheless, such a dis-
symmetry of 1.2 mm is quite large. It will be investigated in the future.

Dynamic rotation rate measurements

Our quantum accelerometer-gyroscope aims at addressing on-board
applications where the environment is rougher than in the labora-
tory. In the following section, we present dynamic rotation rate mea-
surements along the sensitive axis of our atomic gyroscope, where
the retroreflecting mirror is dynamically rotated with angular ve-
locities up to a hundred times Earth’s rotation rate (i.e., 4 mrad/s).
This represents a first step toward operating the quantum sensor to
rotation rates compatible with real environment.

Data acquisition

The simulation of a dynamic environment is made using a pair of
loudspeakers fixed onto the vibration isolation table (see Fig. 1A) and
that are operated in phase opposition. It produces two forces of oppo-
site directions on each side of the table, making the upward board to
oscillate periodically around its center of mass, which also corresponds

to the center of rotation of the retroreflecting mirror. The resulting ro-
tation rate vector is of the form Q(t) = Q,cos [Zn(t -T)/T, +(p0] uy,
where T is the duration of one experimental cycle, uy is the rotation
rate vector’s direction that is aligned with the classical gyroscope’s
measurement axis (see Fig. 1A), and ¢o = 0 is set such that the atom
interferometer is performed during a maximum portion of the sinu-
soidal function.

Rather than alternating the sign of the launch velocity every shot,
here, we have recorded the data by scanning the atomic fringes for
both signs of the launch velocity +v; during two separate days. The
reason comes from the level of ground vibrations that was a lot
higher than for the static study, because of the physical link of the
mirror with the ground through the loudspeakers, which prevented
from using the mid-fringe algorithm. For each launching direction
+v), the fringes are scanned by changing the chirp rate o from shot
to shot (see Fig. 5A and Eq. 1), and the amplitude of the rotation rate
€, is retrieved by comparing the shift of the fringe pattern to static
conditions

Q Q Q=0 Q=0
(o =o) = (o2 %)
Q= ©)
4V1keff
where ociz;i is the Raman frequency chirp that cancels the total phase

shift and are shown as the black star markers in Fig. 5A. Two fringes
patterns are plotted for each sign of +k 4 enabling to remove sys-
tematic effects independent of the direction of the effective wave
vector. The vibration noise is subtracted in postprocessing (see Ma-
terials and Methods) for each shot of atomic fringes.

This configuration allows to study the quantum dual accelerometer-
gyroscope’s response in a dynamically simulated environment without
using a dedicated rotation table. However, only the retroreflecting mir-
ror is rotated here, which is not exactly equivalent to rotating the whole
sensor (44) because of the variation of the norm of k4. This adds a
centrifugal-like term scaling in Q* which we have neglected here.
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Fig. 5. Measurement of dynamic rotation rates. (A) Vibrations corrected phase scan of the atomic interference fringes for Q4= 0 (blue), 2 (orange) and 4 (purple) mrad/s,
where experimental dots are fitted with a sinusoidal function. Black star markers follow the shift of the fringe pattern due to the Coriolis acceleration. The contrast of the
fringe patterns’ sinusoidal fit is displayed in the inset as a function of the rotation rates amplitude Qg, with colors referring to each fringe showed in the main plot, and
fitted with a decaying exponential function (black line). (B) Dynamic rotation rates (top) measured by the classical (red) and atomic (black) gyroscope and difference be-
tween the two sensors (bottom), as a function of the loudspeakers amplitude of excitation for negative (left) and positive (right) launch velocities. Each dot is the result of

an average over 200 shots (one fringe scan).
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Response to dynamic rotation rates

The atom cloud’s finite temperature of 2 pK makes the contrast of
the fringes exponentially decrease with the rotation rate’s amplitude
because all the atoms do not experience the same Coriolis phase
shift (see Eq. 1). This contrast decay is proportional to e 2o T
(45), where o, is the velocity dispersion associated to the tempera-
ture of the atom cloud and T = 40 ms, which limits the dynamic
rotation range of the quantum gyroscope to 4 mrad/s. The contrast
decreases as a function of the rotation amplitude Qs plotted in Fig.
5A. It is fitted with a decaying exponential function giving a velocity
dispersion equivalent to 1 pK in agreement with the estimated
cloud temperature.

The response of the quantum sensor to rotation rate € is comput-
ed using Eq. 5 and shown in Fig. 5B for the two launching directions
+Vv;. It exhibits a linear scaling of the atom interferometer’s phase shift
with the amplitude of rotation €2,4. The uncertainty bars are calculated
as the quadratic mean of the statistical uncertainties G, and the sta-
bilities of the bias op,s and the scale factor ogp for both gyroscopes,
performing horizontal Raman spectroscopy at random times to esti-
mate the scale factor stability of the atomic gyroscope. For dynamic
rotation rate measurements, the scale factor instability becomes the
largest source of error as it scales proportionally to the amplitude of
the rotation rate. In particular, the velocity measurements associated
to the +v; plot have shown important velocity variations of 1.3 mm/s
peak to peak, corresponding to a 2% variation of the scale factor. The
rotation rate differences between the atomic and classical sensors
plotted in the bottom of Fig. 5B indicate an agreement varying be-
tween <1% for —v, and 5% for +v;. In Eq. 5, we have supposed the
Euler and centrifugal accelerations to be negligible compared to the
Coriolis one. This assessment might not be true for the Euler accelera-
tion if the position of the atom cloud at the m-pulse is horizontally
shifted by dj from the axis of rotation of the mirror and, in the mean-
time, @p # 0. Estimating dy & 1 c¢m, the contribution of the Euler
phase is of the order of 5% if @y & 0.02 rad, which is a reasonable error
given the experimental conditions. This result underlines the contri-
bution of the Euler acceleration in the gyroscope’s scale factor, which
could possibly be significantly larger in on-board condition where @y
is not an adjustable parameter. This term could, however, be rejected
by implementing the counterpropagating launching operation that
cancels the Euler acceleration if the two +V; Atom Interferometers
(AI) are perfectly symmetric and their symmetry axis is mixed with
the vertical Raman beam axis.

The pair of loudspeakers can also be placed along the uy axis to
make the mirror rotate along the uy axis. If the +v; atomic trajecto-
ries are tilted by an angle f.. from uy, we should observe a shift of the
atomic fringes by f..€2, that is proportional to the rotation rate am-
plitude Q4. We thereby estimate the mutual alignment of the oppos-
ing magnetically launched trajectories to be B4 —f_ = (5 + 2)°. This
misalignment is not the cause of the 25% accuracy error in static
conditions but shall be investigated in a further study. For each +v;
dataset of Fig. 5B, the classical rotation rate is computed as Qjass x
cos (Bi) + Qlass,y sin (Po) to take the misalignments between the
two gyroscopes into account.

DISCUSSION

We have developed a dual atomic accelerometer-gyroscope and
demonstrated long-term bias stability improvement of respectively
100-fold and 3-fold over our classical accelerometer and gyroscope
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in static conditions, corresponding to bias stabilities of 6 X 1077 m/s’
and 4 x 1077 rad/s after 2 days of integration. Our magnetic field
gradient-based method for launching the cold-atom cloud com-
bined with the use of a single Raman beam offers a compact atom
interferometer scheme. The implementation of a second horizontal
Raman beam, which can be used to perform acceleration and rota-
tion rate measurements along another axis in the future, allows the
capability for self-calibration of the scale factor, with demonstrated
a scale factor stability of 700 ppm for rotation rate measurements.
The hybridized sensor computes continuously both the vertical ac-
celeration and horizontal rotation rate and embraces the advantages
of both the short-term sensitivity of each classical sensor and the
long-term stability of the quantum one. Dynamic rotation rates have
also been measured up to 4 mrad/s level, demonstrating a linear
scaling of the phase shift with the rotation rate.

Multidimensional inertial measurement is required for many
practical applications where highly stable and precise sensors must
be used either for positioning in the absence of GNSS signal (23, 24)
or to compute the orientation of the carrier for metrology measure-
ments (25, 26). Currently used inertial measurement units, where
the acceleration and rotation rates are measured along all axis of
space, suffer from bias drift that limits the estimated position and
attitude of the carrier. The method demonstrated in this work, based
on the inherent stability of matter-wave inertial sensors, could be
used to increase the self-reliance of classical inertial measurement
units. The original technique for rotation rate measurements pre-
sented here, where the atoms are launched thanks to a pair of coils
and interrogated in the diameter of a single Raman beam, goes with
compactness, simplicity, and scalability. This architecture could be
extended to a full six-axis inertial measurement unit by adding a
pair of coils and a Raman beam along the other horizontal axis. This
way, the rotation rate along both horizontal axes could be measured
by launching the atom cloud along the other respective horizontal
direction and interrogating them with a vertical Raman, whereas
vertical rotation rate could be obtained by launching the atoms
along one horizontal direction and interrogating them along the
other. The sensitivity of the vertical gyroscope could worsen because
of the free fall of the atoms through the waist of the horizontal Ra-
man beam.

This original method of atom launching offers compactness but a
relatively low scale factor stability of 700 ppm compared to the usual
moving molasses launching technique that reaches the tens of parts
per million (42). A trade-off between the scale factor stability and the
short-term sensitivity limitation could be found by increasing the
launch velocity and reducing the interrogation time T. The accelera-
tion long-term stability demonstrated here is sufficient for high-
accuracy inertial navigation system. However, to compete with the
best inertial units, further developments are required to improve the
scale factor and long-term bias stabilities respectively by at least three
and two orders. To reduce the stabilization timescale of classical gy-
roscopes, work is currently under way to reach state-of-the-art atom-
ic gyroscope’s sensitivities (29) in a compact sensor by implementing
large-momentum transfer atom optics (46). The results presented
here also show the ability to track the rotation rate in presence of an
experimentally simulated on-board environment, with a limit set by
the contrast loss induced by the finite temperature of the atomic
cloud. Overcoming this limit can be done by reducing the interroga-
tion time T, at the cost of a marked loss of sensitivity, decreasing the
atom cloud temperature (47), at the expense of a loss of bandwidth,
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or by actively compensating the rotation of the retroreflecting refer-
ence mirror (44). With these improvements, we could provide the
first demonstration of a full operating cold-atom inertial measure-
ment unit with performances overcoming the classical technologies.

MATERIALS AND METHODS

Details on the experimental sequence

A three-dimensional (3D) MOT of ~10%¥’Rb atom:s is formed in 300 ms
at the intercept of three retroreflected Gaussian laser beams with
1/¢* diameter equal to the vacuum chamber window’s diameter
(34 mm), allowing to maximize the capture efficiency of the trap with
a total optical power of 30 mW per beam. The strength of the mag-
netic field gradient is 6.6 G/cm (1 G = 107* T) in the vertical direc-
tion. The last 40 ms of the MOT loading phase is used to shift the
center position of the MOT along the east-west axis of the appara-
tus. This is done by applying a static horizontal bias magnetic field of
2 G, allowing to shift the magnetic field zero and thus the MOT’s
center position by 7.2 mm. Polarization gradient cooling during
8 ms follows the MOT to cool the atoms down to 2 uK. The atoms are
then released from the trap and start to fall freely under gravity. Fol-
lowing the release, the atoms are horizontally launched using a
20-ms magnetic gradient pulse of 11.3 G/cm that is combined with a
horizontal bias magnetic field of ~110 mG that defines a quantifica-
tion axis. Twenty-five milliseconds later, a 500-us microwave pulse
couples the internal state |F = 2, mp = +1) to |[F = 1, mp = 0). The
atoms that have not been transferred to the F = 1 state are cleared
away with a 1-ms push beam. The horizontal bias magnetic field is
then rotated to set a vertical quantification axis for the two-photon
stimulated Raman transitions. The magnetic field is rotated adia-
batically in 2 ms such that the spin of the atoms remains aligned
with the magnetic field and the prepared state |[F = 1, mp = 0) is
preserved (48). The two states of the atom interferometer |F = 1,
mp=0) and |F = 2, mp=0) are coupled using a single vertical phase
modulated Raman laser encoding the two frequencies required for
the two-photon transition (49). Both frequencies are detuned by
956 MHz from the excited state 52P3/2 to avoid spontaneous emis-
sion. The Raman beam diameter 1/¢> has been precisely measured to
be 20.2 mm. The interferometer is then realized with a combination
of n/2-n-1/2 pulses equally separated by a duration T and with the
n-pulse, of duration equal to 10 ps, coinciding with the center of the
Raman beam to minimize some systematic effects (50). After a total
time of flight of 143 ms (~10 cm of free fall), the atoms are detected
with a sequence of fluorescence pulses that allows to count the num-
ber of atoms in the hyperfine states F =2 and F= 1.

Shifting of the MOT center position and atom

cloud’s launching

The same pair of horizontally aligned coils (named “launching coils”
in Fig. 1A) is used for shifting the MOT’s center position and launch-
ing the atoms. Each coil consists of 40 elliptical turns of 1-mm large
copper wire wrapped directly around the vacuum chamber’s arms. The
elliptical shape (semimajor axis of 38.5 mm and semiminor axis of
22.5 mm) is due to the form of the vacuum chamber and was chosen
such that the atoms would experience the strongest magnetic field gra-
dient possible. We have run numerical calculations demonstrating that
this configuration creates a quasi-homogeneous magnetic field and
gradient respectively in Helmholtz and anti-Helmholtz configurations.

Salducci et al., Sci. Adv. 10, eadq4498 (2024) 30 October 2024

The shifting of the MOT’s center occurs when the magnetic field
zero’s position created by the MOT's coils is modified because of the
presence of an additional magnetic field. For instance, we use the
pair of coils in a quasi-Helmholtz configuration where the same cur-
rent runs inside both coils. Two cameras positioned at 45° from the
east-west axis and 90° from one to each other’s enable to image the
MOT’s position just before the optical molasses. We measured a lin-
ear shift of the MOT’s position of 3.4 mm/G along the launch axis
with negligible displacements along the two others.

This same pair of coils is also used for the atoms launching. Here,
we create a magnetic field gradient by running the two coils in a
quasi-anti-Helmholtz configuration. To swap between the MOT’s
position shifting and the atom cloud’s launching, two electronic re-
lays are implemented to invert the sign of the current in one coil.
The sign of the launch velocity +v; is alternated with another pair of
electronic relays that reverses the sign of the current in both coils.

Nonlaunched atoms selection

After the cooling stage, the atoms are all in the |F = 2) hyperfine
state. They are then launched horizontally with a magnetic field gra-
dient pulse and selected with a one-photon microwave transition, with
the aim to keep only the launched atoms in the state |F = 2, mp =
+1). This is done using the transition |F =2, mp=+1) — |F=1, mp =
0). However, because the hyperfine states F = 1 and F = 2 of the ’Rb
have the same Zeeman splitting with Landé factors of opposite signs,
this transition is degenerated with the other microwave transition |F =
2, mp=0) — |F =1, mp=+1). As the push beam only clears away
the atoms in the state |F = 2), the nonlaunched atoms have there-
fore the possibility to participate to the atom interferometer and
be detected.

The contribution of the nonlaunched atoms in the measured
phase shift is yet very negligible for two reasons. First, they fall on
the edge of the Raman beam (waist of 10.1 mm) because of the shift
of the MOT’s center position by 7.2 mm. Thus, they are only submit-
ted to a small fraction of the required power necessary to perform
the Mach-Zehnder atom interferometer. Second, the detection beam
has a narrow waist of 3.3 mm and can be shifted horizontally (see
Fig. 1C), which allows to selectively detect the atoms in a specific
spatial region. The atom cloud’s spatial extension has been measured
to be 2.5 mm after the optical molasses, resulting in a 5.5-mm-wide
cloud at the moment of the detection stage (150 ms of free fall at a
temperature of 2 pK). The center of the nonlaunched cloud being
spaced by 12.2 mm from the center of the detection beam, we con-
sider that a negligible fraction of the nonlaunched atoms is detected.

Light-shifts removal for the launch velocity measurements

The launch velocity analysis is performed by Raman spectroscopy using
two-photon stimulated Raman transitions between the states| F = 1, p)
and | F = 2, p + fik.g). However, these states can respectively be cou-
pled with the other neighbor atomic states |F = 2,p — fik.g) and
| F =1, p + 27ik.g), resulting in a two-photon light shift (TPLS) of the
aimed transition’ frequency (41). Here, we record the launch velocity by
measuring the frequency difference Av between the two counterpropa-
gating transitions +k,g. One-photon light shifts have no consequences
on the measurement because they will move both atomic transitions by
the same quantity. However, the TPLSs are not equal for both atomic
transitions, which results in a shift Swrprs of Av that depends on the
effective Rabi frequency Q. of the coupling between | F = 1, p) and
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|F =2,p + hk,g), Swpprs = —Qﬁﬁ[i +—— 4+ 1| where

8wp+16m, 8wp—16m,
2

nk
op = Keg. v and o, = —< are respectively the Doppler and recoil fre-

quencies associated to the two-photon stimulated Raman transitions.

Figure 6 shows the measurements of the frequency difference Av
for different values of Q.. This was experimentally done by chang-
ing the Raman laser power while adjusting the duration t of the
Raman pulse to get pulses that have the same total energy. It enables
to maximize the visibility of each Raman spectrum because the con-
dition Q. X T = m is always satisfied. However, the longer the
Raman pulse lasts, the more selective in velocity the pulse gets
which has for consequences to reduce the width of the transitions
but also the signal-to-noise ratio. The effect of the TPLS is also re-
duced when increasing the Raman pulse duration. The velocity
measurements presented in Fig. 2 were done by applying a 20-ps
Raman pulse, which is a good trade-off between pointing accuracy
of the transition, signal-to-noise ratio, and TPLS’s amplitude.

Ground-vibration removal

Ground vibrations can propagate to the retroreflecting mirror. As
the atom interferometer measures the acceleration of the atoms
compared to the retroreflecting mirror, this produces phase noise in
the atomic phase shift. To remove it as accurately as possible, we re-
cord the acceleration sensed by the retroreflecting mirror with the
force-balanced accelerometer ag,ss during the atom interferometry
stage and convolute it with the atom interferometer’s sensitivity
function (51).

T
Aconvat — J uclass(tn + t) X hat(t)dt (6)
-T

where ¢, is the instant of the second laser pulse of the atom interferom-
eter, and h, is the acceleration sensitivity function. For a Mach-Zehnder

< v
2 4001 L0.078 €
¥ =
~ >
Q3901 L0.076 >
o =
o 3
g 3801 -0.074 ¢
£ S
'i 3701 L0.072 §
o o

©
3 3601 H0.070 &
o =
o °
T o}
k- 350+ L 0.068 A

10 20 30 40 50 60 70
Raman pulse duration (us)

Fig. 6. Two-photon light shift analysis. Difference of frequency Av between the
two transitions +k.¢ without (blue) and with (orange) two-photon light shift cor-
rection (purple, plotted with an offset for clarity) as a function of the Raman pulse
duration. The horizontal Raman laser intensity and pulse duration are changed to
satisfy the condition Qe X T = . The launch velocity scale is deduced (vi = Av X
nt/keff) showing a possible 10% mismatch on the real value if not corrected from the
two-photon light shift.
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geometry, this is a triangle-like function that is maximum at the instant
of the second pulse

T+t

ifte[-T,0]
=9 I* 7)
Tz ifte[0,T]

The ground-vibrations noise Aay, is then removed by adding the
term Adco,/8v) to the rotation rate measurement in Eq. 3 with

+k,—v —k,—v
Aa - (aconv,at + aconv,at
four configurations of the atom interferometer described in Fig. 3

(kg +Vv;). Figure 7 exhibits the atomic interferometer output

Ol+k 4+, 1N acceleration units, and the convoluted classical accelerom-

eter output a:—’okl;fzt. We observe a clear correlation between the two

signals, meaning that the atomic gyroscope sensitivity is limited by
the ground-vibrations noise. The correlations are, however, not per-
fect, which underlines the limit of the vibration noise removal using
this method.

kv
- aconv,at +a

—k,+v

conv,at

corr ) corresponding to the

Estimation of the wavefront aberrations phase shift

In our atom interferometer configuration, the atoms travel in a
plane perpendicular to the Raman beam propagation direction be-
tween the three laser pulses. For each Raman light pulse, the effec-
tive Raman phase of the upward and downward laser beams
@; = (pll,lp - (pfl(’w“ (i = 1,2,3) is carved onto the phase of the atoms
wave function. As the Raman light pulses are not plane waves,
the carved phase therefore depends on the atoms position with-
in the beam profile. For an atom cloud launched with a velocity
+Vj, the phase shift of the atom interferometer can be computed
by summing the laser phase at each pulse @ —2¢; + @ (see
Fig. 8), where the subscript + is associated to the +v; and —v;
atom interferometers.
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Fig. 7. Ground vibrations sensing by the classical and atomic accelerometers.
(A) The full temporal track of the atomic interferometer output a4, (blue), in ac-
celeration units, and the convoluted classical accelerometer output afé‘r"jvat (orange)
are plotted. (B) Zooms over small timescales are performed, where both accelera-
tion signals subtracted from their mean value are compared to highlight their cor-

relation.
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Fig. 8. Wavefront aberrations phase-shift model. The midpoint trajectory of
each (xV) atom interferometer is drawn with the positions of the corresponding
pulses i =1, 2, 3.The wavefront of the Raman beam is represented with a deforma-
tion that propagates along its propagation direction. A phase ¢;" that depends on
the atoms position due to the deformation is imprinted on the atomic wave packet
at each pulse and does not cancel out if the symmetry of the atom interferometer
is broken (8x # 0).

For the following calculation, we neglect the diffraction of the
wavefront and the expansion of the atomic cloud during the inter-
ferometer. If the two interferometers are perfectly symmetric, the
phase shift due to the wavefront aberrations acquired in one inter-
ferometer will cancel out with the phase shift acquired in the other
because the rotation rate is calculated as a difference of these two
configurations (see Eq. 3). Thus, even a very distorted wavefront has
no impact on the rotation rate measurement under the assumptions
made. However, if the two interferometer configurations are not
symmetric, an additional phase shift associated to the wavefront ab-
erration appears and scales with the position asymmetry 8x. In the
schematic example of Fig. 8, this additional phase shift corre-
sponds to ¢ — @J.

We consider an imperfect Raman wavefront that has a deformation
modeled by a polynomial of order k, making the laser phase carved on
the atoms at each pulse i = 1,2,3 to be (pil_ = Akxf. The additional
phase shift due to wavefrontaberrationsis A®%, | = @, — 29, + 9,
for each interferometer, leading to an error on the rotation rate mea-
surement AQ, , = (Ad);’b,k - Aq);w) / kg T2

For a deformation of order k = 2, this error is null because of the
symmetry of the aberration compared to the Raman beam cen-
ter. More generally, this is true for every even order of k. Yet,

this is not true if we consider a deformation of odd order of k. For
instance, if k = 3, the aberration phase shift of one interferometer
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is AD™ = i6A3v12 T?8x and leads to an error on the rotation rate
measurement

3A3Vl

AQy; = bx (®)

eff

where A; = M/LW;SZOQ depends on the optical quality OQ of the
window, w = 10.1 mm is the waist of the Raman beam, and dx =~
0.6 mm is the estimated dissymmetry. In our experimental setup, the
main source of Raman wavefront error is the viewport of the vacu-
um chamber through which the Raman beam goes twice. A trans-
mitted wavefront error of the viewport of A/6 peak to valley over 2w,
which is compatible with the expected quality of the optic, can lead
to the difference of 1.5 x 107° rad/s between the measurement pre-
sented in this work and the expected value of Earth’s rotation pro-
jected on the measurement axe.
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